2؉ -dependent protease calpain is increased in neurons after global and focal brain ischemia, and may contribute to postischemic injury cascades. Understanding the time course and location of calpain activity in the post-ischemic brain is essential to establishing causality and optimizing therapeutic interventions. This study examined the temporal and spatial characteristics of brain calpain activity after transient forebrain ischemia (TFI) in rats. Male Long Evans rats underwent 10 min of normothermic TFI induced by bilateral carotid occlusion with hypovolemic hypotension (MABP 30 mm Hg). Brain calpain activity was examined between 1 and 72 h after reperfusion. Western blot analysis of regional brain homogenates demonstrated a bimodal pattern of calpainmediated ␣-spectrin degradation in the hippocampus, cortex, and striatum with an initial increase at 1 h followed by a more prominent secondary increase at 36 h after reperfusion. Immunohistochemical analysis revealed that calpain activity was primarily localized to dendritic fields of selectively vulnerable neurons at one hour after reperfusion. Between 24 and 48 h after reperfusion neuronal calpain activity progressed from the dorsal to ventral striatum, medial to lateral CA1 hippocampus, and centripetally expanded from watershed foci in the cerebral cortex. This progression was associated with fragmentation of dendritic processes, calpain activation in the neuronal soma and subsequent neuronal degeneration. These observations demonstrate a clear association between calpain activation and subsequent delayed neuronal death and suggest broad therapeutic window for interventions aimed at preventing delayed intracellular Ca 2؉ overload and pathologic calpain activation.
INTRODUCTION
Neuronal death after transient global brain ischemia is often delayed for hours to days. This interval represents a potential therapeutic window. There is compelling evidence that disruption of neuronal Ca 2ϩ homeostasis plays an important role in this process (17) . The profound increase in cytosolic Ca 2ϩ during ischemia is often reversible and occurs both in neurons that die as well as those that survive (12, 31, 32) . However, a delayed secondary increase in intracellular Ca 2ϩ appears to specifically occur in neurons destined to die, and the preponderance of evidence suggests that this secondary Ca 2ϩ overload precedes neuronal death (11, 42) .
One effect of cytosolic Ca 2ϩ overload is activation of calpains (EC 3.4.22.17), a family of Ca 2ϩ -dependent nonlysosomal neutral cysteine proteases. The two ubiquitous isoforms, calpain I and calpain II, are heterodimeric proteins that have identical substrate specificity but different Ca 2ϩ concentration requirements for activity (9) . The proposed physiologic roles of calpains in the brain include regulation of neurite outgrowth (36) , long-term potentiation (21) , and synaptic remodeling (6) . Under physiologic conditions, calpain activity is likely to be stimulated by transient localized increases in cytosolic Ca 2ϩ and tightly regulated by the presence of an endogenous inhibitor protein, calpastatin. In contrast, the increase in cytosolic Ca 2ϩ that occurs during brain ischemia and reperfusion appears to overwhelm endogenous regulatory systems resulting in pathologic calpain activity.
Brain calpain activity is increased by focal and global ischemia (2, 3, 16, 23, 28, 29, 38, 39, 40) , and calpain inhibitors provide varying degrees of neuroprotection in animal models (15, 19, 20, 22 25, 39, 41) . However, the mechanism by which calpains contribute to postischemic neuronal death has not been determined. Calpains cleave numerous cytoskeletal and regulatory proteins often causing altered rather than loss of function. Although calpain activity has been implicated in apoptotic neuronal death (26, 27) there is also evidence that calpains may inhibit apoptotic pathways (8, 18) . The optimal timing of calpain inhibitor therapy is further complicated by evidence that calpains play a role in neuronal repair and remodeling (14) .
A detailed understanding of the time course and spatial distribution of postischemic calpain activity relative to neurodegeneration is essential to establishing the causal role of calpain-mediated proteolysis in postischemic neuronal death and to determining the therapeutic window for interventions aimed at preventing pathologic calpain activation. In this study we have characterized the time-course of calpain-mediated ␣-spectrin degradation at the regional and cellular level in the rat brain after transient global ischemia. The time course of calpain activity was also compared with histopathologic evidence of ischemic neuronal injury in the same model.
MATERIALS AND METHODS

Transient Forebrain Ischemia
All animal experiments were approved by our institutional review board and were conducted following the Guide for the Care and Use of Laboratory Animals (National Academy Press, 1996). Male Long Evans weighing 400 -500 g were given free access to food and water until the day of experimentation. General anesthesia was induced with halothane (3%), 70% N 2 O, and 30% O 2 by insufflation chamber and initially maintained by facemask. Rats were then orotracheally intubated with a 14-gauge plastic catheter and mechanically ventilated with 30% O 2 and 70% N 2 O using a pressure controlled small animal ventilator. A surgical plane of anesthesia was maintained with halothane 1.0 -1.5%. Femoral arterial and venous catheters were placed by cut-down and carotid arteries exposed using aseptic technique. Temperature was monitored with a needle thermocouple probe inserted below with temporalis muscle adjacent to the skull, and temperature maintained between 37.0 and 37.5°C throughout the experimental period up to one hour after reperfusion by using a warming pad and overhead lamp. ECG was monitored by electrocardiographic limb leads. After a 10-min stabilization period an arterial blood sample was obtained, and ventilator adjustments were made when necessary to maintain the PaCO 2 between 35 and 45 mmHg.
Transient forebrain ischemia was initiated by the combination of bilateral carotid occlusion and hypovolemic hypotension to a mean arterial blood pressure (MABP) of 30 mmHg (13, 35) . This model has been demonstrated to consistently generated cortical and hippocampal blood flows below the threshold for ischemic depolarization (13) . Hypovolemic hypotension was achieved by rapidly withdrawing blood from the femoral arterial catheter into a heparinized syringe. Hypotension was maintained during the ischemic period by withdrawal or infusion of blood through the femoral venous catheter. Once a MABP of 30 mmHg was achieved, both carotid arteries were reversibly occluded with surgical aneurysm clips. The duration of ischemia was timed from when the aneurysm clips were placed. After 10 min of ischemia the aneurysm clips were removed and shed blood was in reinfused. Rats were maintained on mechanical ventilation for one hour during which time vascular catheters were removed and surgical wounds closed. Rats were then extubated and observed for an additional hour. Sham (uninjured) animals were subjected to anesthesia and surgical preparation without bilateral carotid occlusion and hypovolemic hypotension to serve as controls.
Western Blot
Rats were subjected to 10 min TFI followed by 1, 6, 24, 36, 48, or 72 h reperfusion as described above. Naive and sham operated rats were used as controls. After the appropriate reperfusion period, rats were euthanized by decapitation under general anesthesia and brains were rapidly microdissected on an icechilled plate. The dorsal hippocampus, dorsal striatum, and cortex were homogenized using a 1.0-ml Wheaton dounce homogenizer and a type B pestle in 10:1 vol/wt buffer containing 10 mM Tris (pH 7.4), 10 mM EGTA, 250 mM sucrose, 2 g/ml aprotinin, 5 g/ml leupeptin, 2 g/ml pepstatin, and 1 mM PMSF. Protein concentration was determined by the Folin phenol reagent method. Fifty-microgram samples were mixed 1:1 in 2X loading buffer and separated by SDS-PAGE (7.5% T, 2.5% C) followed by electroblot transfer to nitrocellulose. The membrane was probed with primary rabbit polyclonal antibody (1:1,000) specific to the N-terminal fragment of the ␣-spectrin fragment generated by calpain-mediated proteolysis (Ab38) (28) . This antibody reacts only with the 150-kDa ␣-spectrin fragment generated by calpain and does not react with intact ␣-spectrin or fragments produced by other proteases (28, 34) . Secondary antibody was HRP-linked anti-rabbit IgG. Blots were developed by ECL (Amersham). Band densities were quantified by computer densitometry and analyzed by 2-way ANOVA for overall differences based on region and reperfusion time. One-way ANOVA with Scheffe post-hoc analysis was used to evaluate differences between reperfusion times within a brain region and differences between brain region at individual reperfusion times.
Immunohistochemistry
Rats were subjected to 10 minutes TFI and 1, 24, 48, or 72 h reperfusion as described above (n ϭ 6 per time point). Naive and sham operated rats were used as controls (n ϭ 3 per group). After the appropriate reperfusion period, rats underwent transcardiac perfusion fixation under general anesthesia with 100 ml heparinized (1 unit/ml) phosphate-buffered saline (pH 7.4) followed by 250 ml 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were postfixed for 6 h in 4% paraformaldehyde and cryoprotected by serial incubation in 0.1 M phosphate buffer containing 10, 20, and 30% sucrose. Brains were then frozen in Ϫ40°C (dry ice/isopentane) and stored at Ϫ80°C. Coronal sections were generated at 40 m using a freezing sliding microtome.
Indirect immunoperoxidase histochemical staining to localize calpain-generated fragments of ␣-spectrin was performed as described by Roberts-Lewis et al. (28) . Free floating sections from bregma ϩ1.0 and Ϫ3.8 mm level were incubated in 40% methanol containing 1% H 2 O 2 for 30 min (24) . After rinses in 20 mM TrisHCl/150 mM NaCl (TBS; pH 7.4), sections were incubated for 30 min in 5% horse serum in TBS with 0.1% Triton X-100 and then with Ab38 (1:30,000) overnight at 4°C. After washes, sections were transferred to biotinylated goat anti-rabbit IgG (1:400, Vector), followed by avidin-biotin-peroxidase complex (ABC kit, Vector). Diaminobenzidine (500 g/ml) and H 2 O 2 (0.0015%) in TBS were used for color development. Experimental controls for nonspecific staining included simultaneous staining of naïve brain sections and omission of primary antibody.
Histopathology
The ability to characterize ischemic neuronal morphology was limited in the 40-m frozen sections generated for immunohistochemistry, and Ab38 immunoreactivity is markedly impaired by paraffin embedding. Therefore a parallel set of rats were used to generate 8-m paraffin embedded sections for histopathologic analysis. Rats were subjected to 10 minutes transient forebrain ischemia and 24, 48, or 72 reperfusion (n ϭ 4 per group). Sham-operated animals were used as controls (n ϭ 4). Transcardiac perfusion fixation was performed as described above except fixative was 250 ml 10% formalin, 10% glacial acetic acid and 80% methanol (FAM). Brains were then post-fixed in FAM and embedded in paraffin. Coronal sections were generated at 8 m using a rotary microtome. Sections were dry-mounted on slides and stained with celestine blue and acid fuchsin.
RESULTS
Bimodal Calpain Activation Following Transient Forebrain Ischemia
Western blots of regional brain homogenates revealed a bimodal increase in calpain activity as measured by accumulation of the 150-kDa calpain-specific ␣-spectrin NH 2 -terminal degradation fragment (Fig.  1) . The initial increase was detected at one hour, which was the earliest time point measured. The second and more prominent peak was detected at 36 hours reperfusion and represented a Ͼ10-fold increase relative to uninjured controls. This pattern was the same for the hippocampus, striatum, and cortex. Significant differences in band density based on brain region (P Ͻ 0.001)
FIG. 1.
Calpain-mediated ␣-spectrin degradation in regional brain homogenates after transient forebrain ischemia. Rats were subjected to 10 min transient forebrain ischemia and 1 (1R), 6 (6R), 24 (24R), 36 (36R), 48 (48R), or 72 (72R) h reperfusion. Naïve (N) and sham-operated (S) rat were used as controls. Western blotting was performed on unfractionated regional homogenates using primary antibody specific to the calpain-derived N-terminal fragment of ␣-spectrin (Ab38, 1:1,000) (A). Band densities were quantified by computer densitometry (B). These results demonstrate a bimodal pattern of calpain activity in the post-ischemic hippocampus, cortex and striatum with the initial increase detected at 1 h reperfusion and a secondary increase at 36 h reperfusion.
and reperfusion time (P Ͻ 0.001) were demonstrated by two-way ANOVA. Differences in band density at specific time points post-insult did not reach statistical significance by post-hoc analysis.
Immunolocalization of Brain Calpain Activity after Transient Forebrain Ischemia
Immunohistochemical staining for calpain-derived ␣-spectrin breakdown fragments was consistent with the regional time course of calpain activation demonstrated by Western blot (Fig. 2) . In the dorsal striatum at 1 h after reperfusion, immunoreactivity for calpainderived ␣-spectrin fragment was localized to the dendritic processes with occasional immunostaining of cell bodies with the morphology of medium spiny neurons (Fig. 3) . At the extreme dorsal margin, immunopositive dendrites appeared beaded and occasionally fragmented. By 24 h after reperfusion, immunopositive dendrites in the dorsal striatum were severely fragmented. Between 24 and 72 h after reperfusion, calpain activity appeared to progress in a wavefront from the dorsal to ventral striatum. Calpain immunoreactivity at the leading edge of this progression was localized to morphologically intact dendrites while progressive dendritic fragmentation was observed as in the more dorsal regions. By 72 h after reperfusion immunoreactivity represented cellular debris and the release of calpain-cleaved ␣-spectrin into the interstitium.
In the postischemic cortex at 1 h after reperfusion, immunoreactivity for calpain-mediated ␣-spectrin degradation was observed in the primary sensory, retrosplenial and cingulate cortex (Fig. 2) . These likely represent the watershed regions of most severe cortical ischemia in the model. At this time point calpain activity was primarily localized to morphologically intact dendrites within layers I through VI with occasional immunostaining of pyramidal cell bodies in layers III and V (Fig. 3) . By 24 h after reperfusion, immunoreactive dendritic process appeared to degenerate and small foci of pyramidal neurons in layers II and VI demonstrated somatic calpain activation. Between 24 and 48 h after reperfusion, neuronal calpain activity expanded in a centripetal pattern. Similar to the striatum, by 72 h after reperfusion immunoreactivity represented severely degenerated cells and processes with release of calpain-cleaved spectrin into the interstitium.
In the hippocampus, post-ischemic calpain activity was localized to the CA1 sector (Fig. 2) . At 1 h after reperfusion, scattered immunoreactivity for calpainderived ␣-spectrin fragments was observed in dendrites in the stratum oriens and stratum radiatum with occasional faint immunostaining of interneuron and pyramidal cell bodies (Fig. 3) . At 24 h after reperfusion, this pattern of immunoreactivity was no longer present. However, calpain-mediated ␣-spectrin degradation was observed in the pyramidal layer and dendritic fields of the extreme medial CA1 sector at 24 h (Figs. 2 and 4) . Between 24 and 48 h after reperfusion, calpain activity progressed laterally across the CA1 sector. Consistent with the observations in the striatum and cortex, the morphology of the immunoreactive dendrites and cell bodies in the pyramidal layer demonstrated severe degeneration at 72 h after reperfusion.
Correlation of Calpain Activity with Histologic Evidence of Ischemic Neuronal Injury
Histopathologic evidence of ischemic neuronal injury in this model correlated with the regional pattern and time course of calpain activity in the neuronal soma (Fig. 4) . Classic ischemic neuronal change (shrunken, angulated, pyknotic, and eosinophlic neurons) was observed in the medium spiny neurons of the dorsal striatum at 24 h after reperfusion and progressed ventrally with increasing reperfusion time. In focal areas of the primary sensory, retrosplenial and cingulate cortex, layers III and V pyramidal neurons were also found to demonstrate ischemic neuronal change by 24 h after reperfusion. Centripetal expansion of this injury was observed at 48 and 72 h. Finally in the hippocampus, ischemic neuronal change was limited the extreme medial CA1 sector at 24 h and progressed laterally to involve the entire CA1 sector between 48 and 72 h (Fig. 4) .
FIG. 3.
Cellular localization of calpain-mediated ␣-spectrin degradation in the striatum, cortex and hippocampus after transient forebrain ischemia. Rats were subjected to 10 min transient forebrain ischemia and 1 (1R), 24 (24-R), 48 (48-R), or 72 (72-R) h reperfusion. Naïve (not shown) and sham operated rats were used as controls. Immunohistochemistry was performed on 40-m free-floating sections using primary antibody specific to the calpain-derived N-terminal fragment of ␣-spectrin (Ab38, 1:30,000). Representative images from the dorsal striatum (Bregma Ϫ1.0 mm), retrosplenial cortex and middle section of the CA1 hippocampus (Bregma Ϫ3.8 mm) are shown. Bar, 100 m.
DISCUSSION
This study demonstrates distinct patterns of neuronal calpain activity in selectively vulnerable brain regions after 10 min of transient forebrain ischemia in rats. An initial rise in calpain activity is detected at 1 h after reperfusion by both Western blot and immunohistochemistry. This initial increase is primarily localized to discrete dendritic populations in selectively vulnerable regions of the striatum, cortex and hippocampus. Between 24 and 48 h after reperfusion, there is a progressive expansion of the number of neurons exhibiting calpain activity in all three brain regions and an overall propagation of calpain activity from the distal dendrites to the neuronal soma. Both the regional and subcellular expansion of calpain activity account for the dramatic secondary increase detected by Western blot of regional brain homogenates at 36 h after reperfusion. Common to all regions was the observation that post-ischemic calpain activity in the dendritic fields of selectively vulnerable neurons precedes both dendritic fragmentation and histologic evidence of neurodegeneration. These findings are consistent with the hypothesis that calpain activation contributes to postischemic neuronal death.
Early Postischemic Calpain Activation
The localization of calpain activity at 1 h after reperfusion to the dendritic fields in the dorsal striatum, CA1 hippocampus and focal areas of the cortex suggests that initial calpain activation occurs in response to postsynaptic Ca 2ϩ influx during ischemia and early reperfusion. This hypothesis is consistent with reports of rapid calpain-mediated proteolysis of post-synaptic density proteins during complete global brain ischemia (10) . Transient nature of elevated extracellular glutamate and cytosolic Ca 2ϩ during early reperfusion would suggest that early calpain activation may be reversible (1, 33) . This possibility is supported by the Western blot results reported here, which suggest an overall decline in calpain activity between 1 and 24 h after reperfusion. However, sustained calpain activity does occur in discrete neuronal populations of the dorsal striatum and cortex. It is reasonable to postulate that intracellular Ca 2ϩ overload may not have been reversible in these neurons. An alternative explanation is that following initial transient intracellular Ca 2ϩ overload, a secondary increase in intracellular calcium occurred in these neurons before 24 h reperfusion.
Only one other published study has examined the time course of calpain activity following transient forebrain ischemia in rats (3). Using a four-vessel occlusion model, Bartus et al. examined postischemic calpainmediated ␣-spectrin cleavage by Western blot of hippocampal homogenates between 6 h and 21 days after reperfusion. In this study, the earliest increase in calpain activity was detected at 24 h reperfusion. However, a transient rise in calpain activity within the first hour after reperfusion may have been undetectable by the earliest time point examined which was 6 h after reperfusion. Immunohistochemical localization was not performed in this study and other brain regions were not examined. Our finding of neuronal calpain activation at 1 h after reperfusion in a rat model of transient forebrain ischemia is consistent the reports of other investigators using a gerbil model (28, 29, 30, 40) . In the gerbil 2-vessel occlusion model, early postischemic calpain-mediated ␣-spectrin degradation occurs after both sublethal and lethal durations of ischemia and in ischemia resistant as well as selectively vulnerable brain regions (28) . This would suggest that early calpain activity is not causally related to subsequent delayed neuronal death. In addition, two studies using the gerbil 2-vessel occlusion model have demonstrated that calpain activity in the hippocampal CA1 sector is transiently increased during the first hour of reperfusion followed by a secondary increase at 24 h (29, 40) .
Delayed Postischemic Calpain Activation
In this study the delayed increase in neuronal calpain activity involved propagation both within neurons and to adjacent neurons. The intracellular progression of calpain activation from dendrites to the neuronal cell body suggests a similar progression of cytosolic Ca 2ϩ overload. The apparent result is calpain-mediated cleavage of cytoskeletal proteins, cytoskeletal disruption and dendritic fragmentation. The subcellular pattern is similar between brain regions suggesting a common mechanism which potentially involving disruption of Ca 2ϩ homeostasis at the level of the plasma membrane, endoplasmic reticulum, and/or mitochondria. Although the secondary increase in cytosolic Ca 2ϩ could occur after the neurons die, this is unlikely since studies using similar models have demonstrated that ATP levels and ionic gradients are maintained for 48 -72 h after reperfusion in the CA1 hippocampus (17) . Therefore, the collective results imply that a delayed secondary increased in cytosolic Ca 2ϩ precedes neuronal death.
Although increased cytosolic Ca 2ϩ is essential for calpain activation, the delayed increase in postischemic neuronal calpain activity may also be modulated by Ca 2ϩ -independent factors. Alterations in the calpain inhibitor, calpastatin, may occur in the postischemic brain. Calpain-mediated degradation of calpastatin is well documented in vitro, suggesting calpastatin acts as a suicide substrate. In a neonatal rat model of transient unilateral hypoxia/ischemia, Blomgren et al. demonstrated a progressive decrease in intact calpastatin (110 kDa) accompanied by the appearance of a 50-kDa calpastatin fragment in postischemic brain homogenates, which was blocked by calpain-inhibitor treatment (4) . Although this suggests that intact calpastatin may be depleted in the postischemic brain, it remains to be determined whether the 50-kDa fragment retains calpain-inhibitory function. Calpastatin is also degraded by caspases 1, 3, and 7 resulting in a twofold reduction in inhibitory activity towards calpain (37) . Caspase activity has been reported to be increased in the rat brain after transient forebrain ischemia (7) .
Timing of Calpain Activity Relative to Histopathology
Ischemic neuronal injury in this model was consistently found to correspond with neuronal populations demonstrating somatic calpain activity and dendritic fragmentation. Intense calpain activation in the neuronal perikaryon appears to correspond to the appearance of classic ischemic neuronal change observed on histophatologic analysis. Both neuronal calpain activity and ischemic neuronal injury progress from the dorsal to ventral striatum, medial to lateral CA1 hippocampus and centripetally expand from focal regions in the primary sensory, retrosplenial, and cingulate cortex. This suggests that intracellular Ca 2ϩ overload and subsequent calpain activation my propagate to surrounding neurons in the post-ischemic brain leading to regional expansion of delayed neuronal death.
Therapeutic Window for Calpain Inhibition
The protracted time course of post-ischemic brain calpain activity in this model has important implications in regards to the therapeutic window for interventions aimed at preventing pathologic calpain activation. Potential interventions include calpain inhibitor therapy and prevention of intracellular Ca 2ϩ overload. Calpain activity in morphologically intact dendrites was detected as early as 1 h and as late as 48 h after reperfusion suggesting a broad therapeutic window. If the initial increase in calpain activity is causally related to postischemic neuronal death, then inhibitor therapy should be optimally effective when initiated as soon as possible after the onset of ischemia and need only be continued for several hours following reperfusion. However, if the delayed increase in calpain activity is causally related to post-ischemic neuronal death, then calpain inhibitor may be most effec-tive when initiated up to 24 h after reperfusion and continued for several days.
Studies of calpain inhibitor therapy in global brain ischemic models suggest that the early increase in brain calpain activity is causally related to post ischemic neuronal death. Intraventricular administration of the cysteine protease inhibitor, leupeptin, prior to a 10-min bilateral carotid artery occlusion decreased histopathologic damage in the CA1 hippocampus and preserved long-term potentiation in hippocampal slices (19) . When calpain-inhibitor I or leupeptin were given prior to 10 min of transient forebrain ischemia in rats, histopathologic damage was decreased in hippocampal CA1 neurons (25) . Li et al. administered the calpain inhibitor MDL-28170 (50 mg/kg intraperitoneal injection at 0.5 or 3 h postreperfusion), following 5 min bilateral carotid occlusion in gerbils (20) . This approach resulted in significant protection of cortical but not hippocampal CA1 neurons measured at 7 days after injury. In this treatment regimen, therapeutic levels of MDL-28170 (t 1 2 ϳ 2 h) were unlikely to be present in the hippocampus at the time of delayed secondary increase in calpain activity (12-48 h). Yokota et al. administered calpain inhibitor 1 (Nacetyl-leucyl-norleucine) reconstituted in liposomes prior to 5 min bilateral carotid occlusion in gerbils and observed a dose-dependent inhibition of calpain-mediated spectrin degradation measured at 4 and 7 days after reperfusion, which was associated with a reduction in postischemic neuronal death at 7 days (41). The liposomal delivery system used in this study may have resulted in sustained therapeutic levels of the inhibitor in the brain. Studies evaluating the effectiveness of delayed (initiated Ͼ3 h after reperfusion) calpain inhibitor administration after transient forebrain ischemia have not been reported. In primary hippocampal neurons, application of the calpain inhibitor MDL-28170 is protective when applied 1 h after NMDA exposure but not 4 h after exposure (5).
Summary
Understanding the timing and location of calpain activity relative to post-ischemic neuronal death is a critical step to towards establishing causality and essential for developing optimally effective therapeutic strategies. This study clearly demonstrates increased calpain activity in selectively vulnerable neurons of striatum, cortex, and hippocampus following 10 min of transient forebrain ischemia in rats. The spatial and temporal pattern of calpain activity is consistent with the hypothesis that calpain-mediated proteolysis contributes to postischemic neuronal death. The protracted time course and delayed propagation of calpain activity both within neurons and to adjacent neurons suggests a potentially broad therapeutic widow for clinically relevant interventions aimed at preventing delayed intracellular Ca 2ϩ overload and pathologic calpain activation. However, the causal relationship between either early or delayed calpain activity and post ischemic neuronal death requires further investigation. In addition, the mechanism by which calpainmediated proteolysis might contribute to death of ischemically injured neurons remains to be elucidated.
